In recent years, several randomized controlled trials evaluating pharmaceutical treatments for traumatic brain injury (TBI) have failed to demonstrate efficacy over placebo, with both active and placebo arms improving at comparable rates. These findings could be viewed in opposing ways, suggesting on the one hand failure of the tested outcome, but on the other, representing evidence of robust placebo effects in TBI. In this article, we examine several of the primary psychological processes driving placebo effects (verbal suggestion, cognitive re-framing, interpersonal interactions, conditioning, therapeutic alliance, anxiety reduction) as well as placebo neurobiology (top-down cortical regulation, reward system activation, dopaminergic and serotonergic neurotransmission). We then extrapolate from the literature to explore whether something inherent in TBI makes it particularly responsive to placebos. Viewed as such here, placebos may indeed represent a powerful and effective treatment for a variety of post-TBI complaints.
Introduction

I
n recent years, several of the largest randomized controlled trials (RCTs) evaluating pharmaceutical treatments for traumatic brain injury (TBI) have been unable to demonstrate efficacy over placebo. In such studies, both active and placebo arms have improved at comparable rates. [1] [2] [3] [4] These findings could be viewed in opposing ways, suggesting on the one hand failure of the tested outcome, but representing on the other, evidence of robust placebo effects in the TBI population. Of late, placebos have boasted a 66.7% response rate in a study of amantadine for post-TBI irritability, 2 a 49.3% response rate in a study of rivastigmine for post-TBI cognitive impairment, 5 and a 43% 4 and 32% 1 response rate in two studies of sertraline for post-TBI depression. Although the mechanisms underlying placebo responses are still not well understood, viewed as such here, placebos appear quite effective for treating a variety of post-TBI symptoms.
A widely cited, seminal paper published in the 1950s reported placebo effects of *35% across a range of conditions. 6 The more recent placebo literature, however, argues against placebos exerting a uniform influence across all diagnostic categories and treatments. Rather, certain disease entities such as pain, depression, fatigue, menopausal hot flashes, benign prostatic hyperplasia, and Parkinson's disease might respond especially well to placebos. [7] [8] [9] Disorders with self-rated versus objectively measured outcomes may also be more susceptible to placebo effects; [10] [11] [12] [13] however, objective improvements in response to placebos have certainly been documented, 14 and even when only subjective responses are generated, compelling evidence suggests simultaneous involvement of neurobiological substrates. 15 Placebo responses in RCTs that test medications acting on the central nervous system (CNS) also appear to be more potent that those acting on other organ systems. 16 In this article, we will explore whether placebo effects hold particular relevance for TBI as well.
Research into the psychological and neurobiological mechanisms underlying placebo effects (along with its nocebo counterpart) has grown considerably in past decades. Placebos are now in large part conceptualized as a learned response. 17 Prior therapeutic encounters can become associated with the psychosocial context of an intervention such that subsequently, contextual variables (e.g., interaction with a clinician, the paraphernalia of medicine) alone can produce a positive (placebo) or negative (nocebo) effect. 18 Some of the main processes by which one learns to respond to placebos include suggestion, cognitive re-framing, elements of the therapeutic relationship, recollections of prior experience, social learning from others, conditioning, hope, anxiety, and stress reduction. [16] [17] [18] [19] [20] [21] [22] [23] Some argue that the various placebo-generating processes described here share a final, common pathway of shaping expectation, 17,20 although an added level of complexity arises from neuroimaging and behavioral evidence, suggesting that placebo responses can be elicited unconsciously.
The neurobiological and physiological underpinnings of the placebo response are also under investigation. Current research suggests that placebo responses are initiated through cognitive and affective processes occurring in the dorsolateral prefrontal cortex (dLPFC), orbital prefrontal cortex (OFC), and anterior cingulate cortex (ACC). 7, 20 After higher-order meaning-making occurs in the cortex, placebo responses are propagated through dopaminergic reward systems in the ventral striatum. 29 The end-organ effects of placebo responses ultimately diverge based on disease process and expected outcome, triggering, for example, release of endogenous opioids in the case of pain, release of dopamine from the dorsal striatum with Parkinson's disease, or increased serotonergic activity with depression. 7 Possible genetic signatures that influence response to placebos may also exist. 30, 31 To date, no studies have directly evaluated the role of placebo effects in acute or post-acute TBI trials. In this article, we will review some of the basic theories of placebo and extrapolate from existing, relevant literature to explore whether there is something inherent to TBI-its symptoms or treatments-that makes it particularly responsive to placebos. Our discussion will touch upon many of the primary psychological and neurobiological mechanisms implicated in placebo effects. In a forthcoming article, we engage similar questions with regard to nocebos in TBI.
Psychological Processes
Suggestion
Placebo responses in laboratory experiments are commonly elicited through the pairing of a verbal suggestion with an inert intervention. Verbal suggestion-''this pill will make you feel better''-helps set up an explicit, conscious expectation for healing. Expectation generated by an intervention can also be implicit, as when taking a pill unconsciously brings to mind prior personal experiences or cultural beliefs associating ingestion of medication with symptom improvement.
In one trial directly demonstrating the impact of verbal suggestion, the effectiveness of an opioid agonist was doubled when paired with a promise of potent analgesia, but negated when paired with a warning that the agent could exacerbate pain. 32 With verbal suggestion, both the logical content and emotional delivery appear to matter. During a local anesthetic injection, subjects who heard a gentle, reassuring message that a ''numbing'' medication would make them ''comfortable'' during their upcoming procedure rated the painfulness of the injection substantially lower than subjects told they would feel a ''big bee sting,'' which would be ''the worst part of the procedure.'' 33 Implicit societal assumptions also impact the therapeutic effectiveness of placebo interventions. Studies have shown that two placebo pills are more effective than one placebo pill, 34 placebos labeled with a name brand work better than unbranded placebos, 35 and expensive placebos are more effective than inexpensive placebos. 36, 37 Such findings reflect societal values (whether valid or not) associating quantity, exclusivity, and expense with quality.
The contemporary esteem for advanced technology is another societal bias impacting placebo effectiveness of late. Often, the more sophisticated the technology and the more extravaganza involved, the greater the probability for a placebo response to happen. 23, [38] [39] [40] Accordingly, a review of placebo responses in migraine treatments showed superiority of sham acupuncture and sham surgery over inert oral medications. 41, 42 In another review weighing various placebo treatments across a range of diagnostic categories, however, the efficacy of more or less ''intensive'' placebos was similar. 43 No studies to date have directly evaluated placebo effectseffects beyond spontaneous remission and regression to the meanin the TBI population. Yet, in several RCTs testing the efficacy of active pharmaceuticals, participants in placebo arms have improved at considerable rates. [1] [2] [3] [4] In these trials, subjects told that they would be randomized to receive either an active medication or a placebo reported symptom improvement. Beyond pharmaceutical interventions, the treatment of TBI in some cases may also benefit from an ''enhanced'' (via advanced technology) placebo response as described, via procedural intervention and medical devices; for example, botulinum toxin injections for post-traumatic headaches or transcranial magnetic stimulation (TMS) for cognitive or mood symptoms after TBI.
Furthermore relevant to TBI, one might argue that by enhancing positive expectation, post-acute psychoeducational interventions for mild TBI may be, in part, capitalizing on placebo effects. In these initiatives, clinicians and researchers aim to mitigate some of the fear and negativity surrounding mild TBI through reassurance that symptoms are generally benign and temporary and/or by offering emotional support. Instructing patients to view their symptoms as such, rather than as indicative of danger or permanent brain injury, has been shown experimentally in three controlled trials, including two RCTs, to reduce subsequent symptom burden, lessen anxiety/distress levels, and improve everyday functioning compared with standard care. [44] [45] [46] On the contrary, in two subsequent RCTs involving mild TBI patients with the greatest symptom burden shortly after injury, randomization to close follow-up with a physician did not provide any benefit over treatment as usual. 47, 48 In these studies, subjects in both the active and treatment-as-usual arms received written information on mild TBI shortly after injury, potentially confounding the results.
Interestingly, placebos have even been found to impact performance on cognitive testing. A group of healthy individuals randomized to take a placebo ''cognitive enhancer'' pill for 2 weeks outperformed a control group on a Stroop task and delayed recall task. 16 Other studies in healthy populations have shown sham cognitive treatments to improve reaction time 49 as well as performance on prospective memory 50 and knowledge-based tasks. 51 Similarly, in the TBI study on rivastigmine mentioned previously, 5 nearly half of the participants in the active and placebo groups demonstrated improvements on sustained attention and verbal learning tasks. Although typically viewed as a more objective measurement than self-reported variables, neuropsychological test performance can, nevertheless, be impacted by numerous psychological and behavioral factors. In mild TBI, some of these factors may include expectation, effort, confidence, and mood. 52, 53 By providing reasonable expectation of improvement-which in and of itself has been associated with motivation and health-promoting behavioral change 54 -placebos may be well positioned to enhance neuropsychological test performance among those with TBI.
To broaden the impact of placebos and positive expectation in TBI rehabilitation even further, believing that one's post-TBI symptoms are transient or improving may lead one to make a greater effort in therapy or to be more willing to continue working or socializing, despite the added challenge after brain injury: behaviors that also in and of themselves promote recovery and well-being. 55, 56 
Interpersonal factors
The interpersonal connection between patient and clinician also appears to play a role in placebo effects. Regarding the contribution of affect, a study on placebo acupuncture in irritable bowel syndrome 2 POLICH ET AL.
showed additional therapeutic benefit when the treatment was delivered by an empathic versus a neutral provider. 57, 58 In a study evaluating the differential effects of combining a warm or cold delivery of positive or neutral expectations in a cohort of women with severe premenstrual pain, anxiety ratings improved only among those receiving a warm delivery of positive expectation. 59 Several systematic reviews have similarly suggested that health outcomes can be affected by elements of the patient-clinician relationship. [60] [61] [62] Cumulative exposure to healthcare providers has also been shown to be therapeutic. In a study using homeopathy to treat gastrointestinal reflux, longer clinic visits were found to be more beneficial than standard-length visits. 63 In a study evaluating placebo effects across clinical trials of depression, a greater number of assessments was associated with larger placebo effects, presumably because of a greater cumulative exposure to nonspecific therapeutic effects. 64 Interpersonal factors could influence post-acute TBI placebo responses in a variety of ways. Patients undergoing rehabilitation often have frequent contact with clinical providers (physical therapists, occupational therapists, speech language pathologists, as well as other clinicians), with repeated opportunities to derive nonspecific benefits. In this regard, the field of rehabilitation may share important similarities with psychotherapy, such that nonspecific effects-for example, therapeutic alliance and change processes-might theoretically drive a substantial proportion of clinical benefit. 65, 66 Additionally, simply being in a research study, even in the absence of direct clinical interaction, has been found to be therapeutic. In a study in which a placebo treatment was sent by mail, subjects nevertheless reported improvements in quality of life and psychological functioning. 67 This phenomenon has been termed the ''Hawthorne effect,'' defined more specifically as the tendency of individuals to change their behavior in response to the additional attention paid to them throughout a study. 68, 69 Hawthorne effects are expected to play out in TBI trials as they do across other clinical entities.
In studies evaluating CNS medications affecting mood and behavior, as is commonly the case in TBI, additional interpersonal factors may contribute to the placebo effect. For example, in the study by Hammond and coworkers on amantadine and irritability, 2 there was a robust improvement in irritability in both the placebo and treatment groups. Authors hypothesize that multiple interpersonal factors may have contributed to this effect, including frequent patient and provider interaction, emotional support, and encouragement from providers during the study period, as well as the effect of monitored patient behavior and patients' awareness of this monitoring. The authors also suggested that addressing patient care in the chronic phase of disease, as was the case in this study, provided a level of care beyond the typical acute rehabilitation course. Although these interpersonal factors were not an intentional part of the study intervention and were not formally quantified, they may have substantially affected the results. Similar effects have been noted in other studies seeking to address mood and behavior after TBI. 1, 4 Prior experience and classical conditioning Learning based on prior experience is another psychological process underlying placebo effects. Through repeated exposures, individuals can learn to associate certain characteristics of a therapeutic intervention with symptom improvement. Subsequently, replacing a therapeutic intervention with an inert one (i.e., replacing a pill containing active ingredients with an identical sugar pill) can generate a placebo effect mimicking the effect of the previously administered drug. Classical conditioning operates in a similar, yet distinct manner. Here, an unconditioned stimulus (e.g., caffeine) which naturally causes an unconditioned response (e.g., alertness) is repeatedly paired with a conditioned stimulus (e.g., novel tasting drink), such that subsequently, the conditioned stimulus alone can provoke a conditioned response (alertness in response to a noveltasting drink).
Many examples of learning through experience and classical conditioning exist in the literature. In a commonly employed placebo analgesia paradigm, subjects rate the painfulness of a noxious stimulus, and then receive a placebo intervention paired with a surreptitiously lowered noxious stimulus, so as to suggest the benefit of the inert treatment. When subjects are later retested with the original intensity of a noxious stimulus, a placebo response is demonstrated. 70, 71 A similar paradigm has been used to study motor outcomes in Parkinson's disease. In one such study, Parkinson's patients were given either no medication or varying durations of daily apomorphine injections prior to implantation of electrodes for deep brain stimulation. After the electrodes were placed, the patients received a placebo injection. Those who had been preconditioned by apomorphine demonstrated a placebo response both clinically and in terms of electrical firing at the single neuron level. Those who had not been preconditioned did not exhibit a placebo response. 14 Variations of conditioning paradigms have considered the impact of additive and contradictory learning. In preconditioning trials in which previous exposure contributes to conditioning, learning through experience can be dose dependent, based on the number of prior exposures. Following preconditioning with a dopaminergic agent and subsequent replacement of the active agent with a placebo in a Parkinson's trial, the extent and duration of the placebo effect correlated with the number of prior exposures to the active pharmacological agent. 14, 72 Regarding contradictory learning, when healthy normal subjects preconditioned to believe an inert cream had analgesic properties were later told that the cream was inert, previously generated placebo responses were negated. 73 Conversely, in a separate study, preconditioned placebo responses persisted following a ''placebo reveal'' if prior exposure to the active agent was prolonged (on the order of days) but not brief (a single exposure). 74 Preconditioning protocols have also been found to be much less effective if a subject is first exposed to an unsuccessful treatment attempt. 75 Ineffective prior treatment with an inert ''analgesic'' patch was associated with reduced placebo analgesia in response to an inert ointment, demonstrating that treatment history with one modality can transfer to another. 76 Accumulating evidence suggests that one main difference between learning from prior experience and conditioning is that the former works on conscious and the latter works on unconscious physiological processes. Accordingly, subjects in one multi-arm study underwent preconditioning to suggest efficacy of a placebo treatment followed by opposite instructions: that the intervention was in fact a placebo. The authors of this study found that opposite instructions could negate placebo effects for pain and motor functioning, but not for neuroendocrine and hormonal secretion. According to their interpretation, conscious physiological processes (pain and motor function) are mediated primarily by expectation, whereas unconscious physiological processes (neuroendocrine functioning) are mediated by conditioning. 24 A separate study analogously demonstrated that the immune system activity (another physiologic system not under conscious control) could be experimentally manipulated through classical conditioning, but not verbal suggestion. 77 
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In post-acute TBI trials and in all of rehabilitation, there may be opportunities to utilize both prior learning and classical conditioning to produce a desired effect. TMS, for example, a noninvasive technique for neuromodulation used in rehabilitation, has elicited strong placebo analgesia when tested in clinical trials. This may occur largely through unconscious conditioned learning promoted by the technique itself, as sensory and auditory stimulation are involved when a subject is exposed to a sham coil. 78 
Neurobiological Processes
Placebo physiology
Research into the neurobiological mechanisms of placebo is continually advancing. The CNS is generally designated as the primary mediator of placebo effects. 16 Initial placebo-related brain activity has been documented in regions such as the dlPFC, OFC, and ACC 7, 29, 79, 80 areas, with multiple cognitive and affective functions, including awareness, insight, expectation modulation, learning, and memory. This is where individuals first encounter and make meaning of verbal and contextual cues. Whether impairments in higher-order cognition reduce responsiveness to placebos remains to be determined. Although a decline in placebo responsiveness was noted in one study involving Alzheimer's patients with severe frontal lobe dysfunction, 81 placebo effects have been consistently documented among individuals with genetically determined intellectual disability. 82, 83 In these latter studies, the persistence of placebo effects despite cognitive limitations was attributed to expectation, implicit learning, and placebo-by-proxy via clinicians and family members. 82, 83 The expectations ensuing after this higher-order processing secondarily trigger dopaminergic reward pathways in the nucleus accumbens of the ventral striatum. 79, 84 ''Reward'' here could mean food, money, or the prospect of relief from suffering. 29 Evidence of activation of dopaminergic reward pathways has been best studied in Parkinson's disease and the placebo analgesia literature. Accordingly, in a positron emission tomography (PET)/functional MRI (fMRI) study, both a monetary reward task and placebo analgesia paradigm activated similar brain regions involving the nucleus accumbens. 85 These reward pathways ultimately trigger various, diseasespecific downstream physiological effects. 7, 79 In Parkinson's disease, there is further dopamine release in the nigrostriatum, leading to improved motor functioning. 86 In placebo analgesia, there is release of endogenous opioids. 87 In depression, reward pathways are hypothesized to subsequently impact serotonergic and l-opioid activity in amygdala and limbic serotonergic pathways. 7, 88 Other placebo end-organ effects include changes in the cardiovascular and autonomic nervous system, gastrointestinal system, and respiratory function. 89 A summary of the major components of placebo neurobiology is presented in Figure 1 .
A neurobiological framework, integrating the abovementioned literature, has been proposed to account for why Parkinson's disease, pain, and depression may be especially responsive to placebos. In each of these three disease categories, cognitive and emotional processes activate top-down cortical regulation, which may involve the reward system. Neurotransmitter or neuropeptide dysfunction also play a central role. 7 With regard to placebo neurobiology in relation to TBI, several points deserve consideration. First, how or whether impairments in higher-order cognition affect placebo responsiveness is not yet known. Although one might expect placebo responses to be attenuated following severe post-TBI cognitive deficits, this is called into question by the studies showing persistence of placebo effects among those with lifelong intellectual disabilities. 82, 83 The central role of dopamine in placebo neurotransmission likely does, however, hold direct relevance to TBI. Brain regions densely populated with dopamine receptors are commonly disrupted after TBI. Loss of dopaminergic tone in frontostriatal regions has been associated with post-TBI cognitive dysfunction, 90 injury to mesocorticolimbic circuits has been associated with emotional and behavioral dysregulation following TBI, 91 and damage in reward circuitry has been associated with deficits in motivated behavior after TBI. 92 Given the central role of dopamine release in both the generation of the placebo response and TBI outcomes, individuals with a history of brain injury may be particularly responsive to placebos. Some have further associated abnormalities in serotonergic tone with TBI, 92 although the evidence of this link is less strong than for dopamine.
With this lens, we can revisit the trials on amantadine for irritability 2 and sertraline for mood 1, 4 following TBI. In theory, medications such as amantadine or sertraline may neurobiologically improve irritability and mood by acting on dopaminergic and serotonergic pathways among those with potentially disrupted neurotransmission, but by activating the same neurotransmitter systems, so too do placebos. In the treatment arms of such studies, placebo effects may either act alone to drive symptom improvement, or act synergistically with the active drug to promote an even greater effect.
Placebo genetics and the ''placebome''
Recent studies suggest that placebo responses may in part be genetically predetermined. At the genomic level, studies of a ''placebome''-genome-related mediators affecting one's response to placebos-are emerging. 30 A recent placebome network analysis demonstrated proximity of a validated module to molecular pathways involved in certain diseases, symptoms, and drug classes. These included CNS disorders such as Parkinson's disease, migraine, and epilepsy; symptoms of pain, headache, nausea, fatigue, and anorexia; as well as medications in the categories of CNS depressants, neuroprotective agents, and dopamine uptake inhibitors. 31 As it is a CNS disorder commonly accompanied by headache and fatigue for which centrally acting agents are often utilized, one might imagine placebo-related genetics holding relevance for TBI as well.
Regarding the specific genes implicated in placebo responses, those involved in dopamine, opioid, and serotonin signaling appear to be most influential. 20 Catechol-O-methyltransferase (COMT) is an enzyme involved in dopamine catabolism. At codon 158 of the rs4680 single nucleotide polymorphism (SNP), a valine-methionine substitution can occur (val158met), affecting COMT and, therefore, dopaminergic activity. 93, 94 The number of val158met alleles has been associated with a heightened placebo response in irritable bowel syndrome 95 and placebo analgesia in healthy subjects. 96 Monoamine oxidase A (MAO-A) is another dopamine metabolizer implicated in placebo effects. In a study on placebos in depression, a MAO-A guanine to thiamine polymorphism was found to correspond with increased placebo responsiveness. 97 Serotonergic-related gene polymorphisms have been linked to placebo relief among those suffering from social anxiety. Possessing the long allele of serotonin-transporter-linked polymorphic region (5-HTTLPR), a polymorphic region of SLC6A4, a gene coding for the serotonin transporter, has been associated with attenuated amygdala activity in response to placebo treatment. 98 A large analysis of multiple SNPs in multiple genes showed a relationship between placebo antidepressant response and genetic variants in both serotonin (tryptophan hydroxylase 2 [TPH2], 5-HTTLPR) and dopaminergic pathway genes ( MAO-A). 99 Some of these same genetic variants have been implicated in TBI outcomes in the post-acute and chronic stages. The COMT val158met allele, for example, has been associated with perseveration on neuropsychological testing in a cohort of returning veterans, 100 and performance on nonverbal learning tasks among those with a history of mild TBI. 101 Among those with TBI and comorbid depression, a relationship between val158met (along with the ankyrin repeat and kinase domain containing 1 [ANKKI] Taq1a allele, also involved in dopaminergic activity) and frontal lobe performance has been noted. 102 The val158met allele has also been associated with post-traumatic stress disorder (PTSD) incidence, and thereby functional outcomes among those with a history of mild TBI. 103 On the other hand, a study evaluating the relationship between val158met and TBI outcomes in the acute stage was negative. 104 Only a small handful of studies have evaluated associations between 5-HTTLPR genetic variants and outcomes following TBI. Although one study showed a significant relationship between serotonergic alleles and post-traumatic depression within the 1st year after severe TBI, 105 these findings were not replicated in a second cohort of individuals with varying injury severities. 106 Elsewhere in a study on returning veterans, 5-HTTLPR polymorphisms were associated with resilience and perceptions of limitations. 107 Although a direct link among genetic variants, TBI, and placebo response has not yet been made, their potential interactions cannot be ignored, and warrant further understanding.
Stress
Stress pathophysiology and autonomic activity are additional end-organ mechanisms through which placebos can exert their effects. 108 In the CNS, placebo anxiolytics have been associated with decreased stress-related activity in the amygdala, 98 as well as reduced hypervigilance and arousal as measured by electroencephalography (EEG) and skin conductance. 109 Placebo analgesia has also been shown to reduce plasma cortisol levels. 110 Regarding autonomic effects, placebo analgesia has been associated with reduced heart rate via b-adrenergic activity, 111 and both placebo anxiolytics 112 and placebo analgesics 113 have been shown to alter heart rate variability. Placebos have not significantly affected stress-related or autonomic variables in all studies, however. 114 One can once again imagine applications to TBI here. TBI can impair the central autonomic system, including the insula, and hypothalamus and its descending brainstem tracts, 115 and has been associated with autonomic disturbances varying on a spectrum of intensity from paroxysmal sympathetic hyperactivity 115 to reduced heart rate variability. 116, 117 In the mild TBI literature, post-concussive symptoms have been show to co-vary with daily stress levels. 118 Experimentally inducing stress through cognitively challenging tasks has further been shown to exacerbate post-concussive symptoms as well as information processing speed. 119 In this way, placebos may be well positioned to help modulate the stress, anxiety, and alterations in autonomic activity occurring after TBI.
Conclusion
Placebo is not no treatment, but rather a series of psychological and neurobiological actions that deserve attention when considering TBI treatment. In this article, we argue that placebo effects hold particular relevance for researchers and clinicians working in the field of TBI. Verbal suggestion, prior experience, social learning, conditioning, interpersonal interactions, and expectation all influence placebo in TBI as they do in other disease entities. Placebos may impact TBI outcomes in a variety of ways, by leading one to view his or her condition more favorably, alleviating anxiety, or inspiring greater commitment to rehabilitation efforts. TBI also shares many neurobiological pathways implicated in placebo physiology, such as top-down cortical regulation, reward system activation, and neurotransmitter activity. Placebo may indeed be a very powerful and effective treatment in the TBI population and in rehabilitation medicine at large.
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